allograft cancellous chips, which were replaced by newly formed trabeculae [7] [8] [9] . Furthermore, the extent of allograft incorporation was found to be highly dependent on the particle size and processing of the bone graft 5 . Structural allografts were shown to support the acetabular architecture without being replaced by host bone, and with only minimal remodeling, in 2 cases 10 .
Other studies of structural allografts in humans were limited to only clinical and radiographic results 11, 12 . There have been many analyses of specimens retrieved from patients with failed THA. However, the incorporation of a successful implanted allograft at the site of a THA can be assessed only through long-term follow-up and subsequent micro-morphological analysis. In this study, we present what we believe to be the first comprehensive, multiscale analysis of structural allografts used in acetabular reconstruction. The study was conducted to analyze the quantitative and qualitative long-term integration properties of structural allografts in terms of the (1) allograft bone-host bone interface and structural properties of the allograft, (2) extent of allograft incorporation, and (3) mineralization properties.
Material and Methods

Specimen Recruitment
T he names of all decedents with evidence of a THA were obtained from the largest local crematory and compared with a database that included all patients who had undergone revision THA combined with the use of structural allograft in the years 1987 to 2009. When there was a positive match, the cremation process was temporarily interrupted, and approval to obtain the specimen for this study was obtained from the relatives. Key exclusion criteria were evidence of a systemic disorder affecting bone turnover (e.g., hyperparathyroidism or an inflammatory or renal disorder) and local changes within the pelvis (e.g., malignant tumor and Paget disease), which were determined by retrospective review of the medical records and by analysis of iliac crest biopsy specimens. The study was approved by the local ethics committee (WF-005/09) and complied with the Declaration of Helsinki. An overview of the recruitment procedure is shown in Figure 1 .
Case Overview
Thirteen cases in which a structural allograft had been used for acetabular reconstruction were included in this study (Table I) . Two additional cases were excluded because we were unable to identify sufficient allograft bone. The most common reason for THA revision was aseptic loosening of the acetabular cup with accompanying loss of bone from the superior dome or medial wall. None of the cases were affected by infectious or autoimmune joint disease. The mean interval from the primary THA (performed at a mean and standard deviation [SD] of 50.3 ± 9.9 years of age) to the acetabular reconstruction with implantation of a structural allograft (performed at a mean of 69.5 ± 7.9 years of age) was 19.2 years (Table II, Fig. 1 ). The mean duration for which the allograft was in situ was calculated as 12.9 ± 5.2 years (range, 4 to 22 years) on the basis of a mean age at death of 82.4 ± 7.8 years. All femoral allografts underwent thermal disinfection (at 101°to 109°C for 45 minutes) using a Lobator SD-2 system (Telos) and were subsequently cryopreserved at 280°C. Timeline demonstrating the ages at the primary THA; allograft use during the first, second, third, or fourth revision arthroplasty; and analysis of the specimens at the time of death.
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T 15, 2018 Specimen Preparation To determine the location and state of the allograft, contact radiographs of the pelvic explants were obtained shortly after death ( Fig. 2-A) . Previous clinical radiographs were evaluated in all cases as well. Furthermore, 3-dimensional imaging of the specimens was performed with high-resolution peripheral quantitative computed tomography (HR-pQCT; Scanco Medical) ( Fig. 2-B) . On the basis of the surgical reports and images obtained with the radiography and HR-pQCT, the location of the allograft within the acetabulum and the cut planes were determined. Two consecutive sections were cut using a diamond band saw (EXAKT). Additionally, transiliac iliac crest biopsies, as described by Bordier et al. 13 , were performed.
Preparation of Undecalcified Specimens, Grinding, and Histological Analysis
The obtained bone specimens were fixed in 3.7% formaldehyde, dehydrated in a graded series of ethanol solutions, and embedded in methylmethacrylate (Technovit 7200; EXAKT/Kulzer).
The cut sections of the acetabulum were ground to a thickness of approximately 30 mm and stained with toluidine blue. Additional 5-mm-thick sections were prepared from the acetabular 1408 15, 2018 sections and the iliac crest bone biopsy specimens and subsequently stained with toluidine blue, trichrome Masson-Goldner, and von Kossa/van Gieson stains. All sections were prepared in an undecalcified manner 14, 15 .
Analysis of Allograft: Host Bone Integration and Incorporation
Histological analysis was performed using an Olympus BX61 microscope equipped with a camera. The complete ground sections were scanned by merging 500 to 1,000 single images (50· To analyze the total extent of osseoincorporation, the original allograft bone border (green line, Fig. 2-E ) was identified on the basis of surgical reports on the location, dimensions, and shape of the femoral head allograft; radiographs; anatomical topography; and histomorphological changes in the bone microarchitecture. The distance to the host bone border (from the green line to the blue line, Fig. 2 -E) was measured and indicated the total ingrowth. Calculation of the Cohen kappa coefficient (k) revealed almost perfect interrater agreement (k > 0.90) between the interface analyses of 2 of the investigators.
Quantitative Backscattered Electron Imaging
Quantitative backscattered electron imaging (qBEI) with a scanning electron microscope (LEO435VP; LEO Electron Microscopy) was used to assess the degree of mineralization in the center of the allograft bone and the host bone [16] [17] [18] [19] . The generated mineralization profiles (gray value histogram) represent the mean Ca content, peak Ca content, and heterogeneity of mineralization (Ca width) of the cross-sectioned bone. The magnification used was 200· with an edge length of 1.135 mm for each pixel. Image thresholds were established with ImageJ software (National Institutes of Health) and used to evaluate the number of osteocyte lacunae per bone area (1/mm 2 ) and the area of the osteocyte lacunae (mm 2 ).
Iliac Crest Histomorphometry
Histomorphometric analysis of the bone volume per tissue volume fraction, trabecular number, trabecular thickness, and 
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T 15, 2018 trabecular separation was performed on histological sections of the iliac crest bone biopsy specimens to characterize the individual skeletal status at the time of death. The results were compared with those of age and sex-matched controls (n = 110) from our database 20 .
Statistical Analysis
Results are presented as absolute values or means with the SD. To detect differences between the groups (host bone versus allograft bone and iliac crest microstructure in the study group versus that in the controls), the unpaired, 2-tailed Student t test Contact radiographs and the microscopic views of ground sections, showing successful osseoincorporation of structural allografts in Cases 4 ( Fig. 3-A) , 11 ( Fig. 3-B) , 2 ( Fig. 3-C) , and 8 ( Fig. 3-D ) (see Table I ). The distance between the original allograft bone border (green line) and the host bone border (blue line) represents the total ingrowth, while the distance between the blue line and the red line (current allograft bone border) represents the current overlap.
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Histological analysis of ingrowth parameters from toluidine-blue-stained ground sections. (Fig. 4-F) , the time in situ and the current overlap (Fig. 4-G) , and the time in situ and total ingrowth (Fig. 4-H) . 15, 2018 was used. The level of significance was defined as p < 0.05. Spearman rank correlation tests were performed to determine the relationship between the time that the allograft was in situ and the current overlap and the total ingrowth of the host bone as well as between the direct contact between the host and allograft bone and the current overlap.
Results
Characterization of Allograft and Host Bone
A dense body within the acetabulum surrounded by a sclerotic line was identified on the radiographs made of the pelvic explants, HR-pQCT scans, and contact radiographs of the cut sections (Figs. 2-A through 2-D) . The macroscopic view of the sections cut through the center of the structural allograft showed a bright body while the surrounding cancellous bone presented with a typical brown and red color as a sign of vital, vascularized bone marrow (Fig. 2-C) . A second sclerotic line, indicating the original allograft bone border, was found in most cases. Remnants of the cortical bone from the transplanted femoral head within the vital cancellous acetabular bone could be determined and were confirmed by polarized microscopy showing the osteonal structure (Figs. 2-D 
, 2-E, and 2-F).
The presence of allograft bone was confirmed by the histological evaluation in all 13 cases (Figs. 2-E and 3 ). We observed a uniform, recurrent histological pattern, with the host bone identified mostly by viable osteocytes within the trabeculae and by vital bone marrow with fat cells (Fig. 4-A) . In contrast, the allograft bone body consisted of thick, wellstructured trabeculae (see Appendix) with empty osteocyte lacunae (black appearance) and necrotic soft tissue. There were no vital cells or signs of revascularization (Fig. 4-B) . The peripheral area of the allograft was penetrated by newly formed vital bone, which was deposited on the avital trabeculae, and the necrotic tissue was replaced by fibrosis (Figs. 
4-C and 4-D).
Multiscale Analysis of Bone Allograft Incorporation
The region of overlapping host and allograft bone was enclosed by the host bone border (blue line) and the allograft bone border (red line) (Fig. 4-E) . In 10 of the 13 cases, 100% of the interface was characterized by direct contact and additional overlap of the allograft bone and host bone, while the remaining 3 cases demonstrated direct contact along 25% to 80% of the interface. On average, there was direct allograft bone-host bone contact along 89.6% of the interface and overlap of the allograft bone and host bone along 78.6% of the interface, indicating an overall tight junction of the allograft and host bone.
The current overlap averaged 2.3 ± 1.0 mm, with a maximum of 5.3 ± 2.4 mm ( Table III) . The total ingrowth reached much further, averaging 7.2 ± 2.3 mm with a maximum of 10.5 ± 4.0 mm (Fig. 3, Table III ). Further analysis revealed no significant correlations between the current overlap or total ingrowth and the time that the allograft had been in situ or between the current overlap and the percentage of the interface with direct allograft bone-host bone contact (Figs. 4-F, 4-G, and 4-H) . Where there was no direct contact or overlap of the host and allograft bone, these 2 components were separated by fibrous tissues and no signs of remodeling were detectable. Furthermore, mechanical barriers, such as screws and tantalum wedges, resulted in the absence of local remodeling with insufficient incorporation of the graft around these barriers.
Mineralization and Osteocyte Analysis
The mean and peak calcium concentrations assessed with qBEI were significantly higher in the allograft bone center than in the host bone (Figs. 5-A, 5 -B, and 5-C). The SD of the calcium distribution, indicating the mineralization heterogeneity, did not differ between groups (calcium width, Fig. 5-D) . Overall, the bone mineral density distribution was altered in the allograft bone, indicating low or no bone remodeling (Fig. 5-E) . The number of osteocyte lacunae and the lacunar area were significantly lower in the allograft bone, indicating an avital bone matrix (Figs. 5-F and 5-G) . Furthermore, a high number of hypermineralized, micropetrotic lacunae was seen in the allograft bone (Fig. 5-A, red arrows) .
Compromised Overall Bone Status in Iliac Biopsy Specimens
A histomorphometric analysis of the iliac crest bone biopsy specimens revealed a highly diminished overall bone status expressed by a significantly decreased bone volume per tissue volume fraction (7.0% ± 3.0%) compared with that of the age and sex-matched control cohort 20 (12.7% ± 5.7%; p < 0.001). No significant difference in trabecular number, thickness, or separation was detected between the study and control groups because of a high SD in the control group (Table IV) .
Discussion
I
n this study, we demonstrated that structural allografts used for acetabular reconstruction undergo incorporation and subsequent remodeling. It is remarkable that the incorporation was observed at the allograft bone-host bone interface in all cases, especially because a previous study of 2 structural allografts showed only minor evidence of bone union 10 . These contrasting observations can be explained by the fact that, in the previous study, there was little direct contact between the host and allograft bone, while close contact of the host and 89.6 ± 20.7
Current allograft bone-host bone overlap (% of interface)
78.6 ± 26.6
Mean current overlap (mm) 2.3 ± 1.0
Mean total ingrowth (mm) 7.2 ± 2.3
Maximum total ingrowth (mm) 10.5 ± 4.0 allograft bone was obtained in the cases in the present study. However, a time-dependent progression of ingrowth was not found. In fact, the center of the allograft bone remained unchanged and partly encapsulated by fibrous tissue even in the case in which the allograft had been in situ for the most time.
Union at cortical-cortical junctions but no remodeling of the allograft has been observed in allografts used in tumor reconstructions 21 . With cortical interfaces being fundamentally different from trabecular structures, a time-dependent increase of incorporation was also not found; however, it has to be noted that most of the patients included in that study had received chemotherapy 21 . A tight junction is most likely a prerequisite for a successful remodeling process and consecutive incorporation of the allograft bone. Remodeling of the allograft bone was absent in sections with barriers, such as screws and cement, with a fibrous tissue gap between the host and allograft bone. Furthermore, direct contact with only a minimum of micromovement was essentially reported to be mandatory for osseointegration of prosthetic components 2 . However, it is also possible that small gaps between the host and Results of qBEI analysis. The error bars on the graphs indicate the standard deviation (SD). allograft bone were bridged given the presence of 2 potentially osteoconductive surfaces.
Direct contact and bone remodeling were achieved in the majority of the interfaces in our cases, and all had incorporation of the allograft bone. However, the allograft bone center remained acellular, which is in accordance with previous findings 22 . We previously found that synthetic bone materials (beta-tricalcium-phosphate bone substitutes) are also not completely remodeled and incorporated over time, although the clinical outcomes were good 23 . Histological analysis of cancellous chip grafts used in humans revealed a completely incorporated, newly formed bone structure 7 . This structure was observed to a large extent in the structural allografts examined in our study, with maximum ingrowth limited to a mean of 10.5 mm. The difference in incorporation between the chips and structural allografts may be at least partially explained by the different surgical techniques and processing of the allograft bone. While the original structure of the allograft bone is maintained in structural allografts 24 , impaction grafting ensures a tight junction of the cancellous chips with the host bone 25 . Furthermore, morselized or particulate bone may be more accessible to the bone cells (i.e., osteoblasts and osteoclasts) because of its larger surface and may therefore have improved osteoconductive capacities 5, 26, 27 . Another influential factor is that structural allografts are commonly used in patients with severe bone loss and an overall compromised bone status, as confirmed by the iliac crest histomorphometry in this study. In such cases, the reduced bone mass might be the result of a general imbalance in bone remodeling (e.g., low bone formation), which has possible negative effects on the incorporation. In general, many factors (e.g., age and weightbearing) may influence the extent of allograft bone incorporation, which could be the reason for the absence of a time-dependent increase in the ingrowth found in this study. Furthermore, a large proportion of the incorporation process may be completed within the first weeks, while afterward a steady state is achieved. This was also seen in an experimental study of cancellous chips in a goat model, in which the largest part of the graft had become incorporated within 12 weeks 9 .
The results of electron microscopy confirmed that the center of the allograft bone was not subject to remodeling, as the allograft bone matrix was highly mineralized with a low number of small osteocyte lacunae. The accumulation of micropetrotic lacunae, which were previously described in aged bone 18 , explains this finding. Furthermore, it is not clear whether micropetrosis represents an active or passive mechanism within the bone 28 ; the findings in this study suggest that it represents a passive mechanism.
A limitation of the study was that 2-dimensional sections provide only limited insight into the 3-dimensional process of bone remodeling. However, this study not only included a large number of cases with long-term follow-up but also was based on the analysis of complete pelvic explants, in contrast to studies of biopsy specimens only, and therefore conclusively clarifies the extent of incorporation of structural allografts in acetabular reconstruction.
In conclusion, we found clear evidence of osseoincorporation and revitalization of the allograft in all cases with tight contact between the host and graft bone. The remaining unremodeled allograft structures were adequately mineralized and showed no signs of collapse up to 22 years after transplantation, suggesting a substantial contribution to continuous acetabular stability and thus indicating clinical success. 
